Monitoring the evolution of human immunodeficiency virus type 1 (HIV-1) drug resistance requires measuring the frequency of closely related genetic variants making up the complex viral quasispecies found in vivo. In order to resolve both major and minor (>2%) protease gene variants differing by one or more nucleotide substitutions, we analyzed PCR products derived from plasma viral quasispecies by using a combination of denaturing gradient gel electrophoresis and DNA heteroduplex tracking assays. Correct population sampling of the high level of genetic diversity present within viral quasispecies could be documented by parallel analysis of duplicate, independently generated PCR products. The composition of genetically complex protease gene quasispecies remained constant over short periods of time in the absence of treatment and while plasma viremia fell >100-fold following the initiation of protease inhibitor ritonavir monotherapy. Within a month of initiating therapy, a strong reduction in the genetic diversity of plasma viral populations at the selected protease locus was associated with rising plasma viremia and the emergence of drug resistance. The high levels of protease genetic diversity seen before treatment reemerged only months later. In one patient, reduction in genetic diversity at the protease gene was observed concomitantly with an increase in diversity at the envelope gene (E. L. Delwart, P. Heng, A. Neumann, and M. Markowitz, J. Virol. 72:2416-2421, 1998), indicating that opposite population genetic changes can take place in different HIV-1 loci. The rapid emergence of drugresistant HIV-1 was therefore associated with a strong, although only transient, reduction in genetic diversity at the selected locus. The denaturing gradient-heteroduplex tracking assay is a simple method for the separation and quantitation of very closely related, low-frequency, genetic variants within complex viral populations.
The short generation time, high mutation rate, and large population size of human immunodeficiency virus type 1 (HIV-1) make it one of the fastest evolving viruses known (2, 3) . Genetically complex HIV-1 quasispecies rapidly evolve following generally clonal primary infection in men (7, 25, 46, 49, 50) . In women, heterosexually acquired HIV-1 appears more genetically diverse than in men (23) . In the absence of selection, drug-resistant mutants are expected to be of lower replicative fitness than wild-type viruses and therefore are only expected and actually detected as minority variants (2, 3, 19, 31) . Antiviral drug selection can then rapidly drive such mutants into the majority. The analysis of HIV-1 quasispecies in vivo is needed to improve our understanding of the complex viral population changes associated with such rapid evolution. Detailed analysis of differentiated viral populations is complicated by several factors. Low-frequency variants are difficult to detect by direct population sequencing of PCR products (45) , while a subcloning and sequencing approach will focus sequencing on the most frequent variants and may result in artifactual variant frequencies due to improper population sampling (4, 5, 22) . Alternative methods used to detect lowfrequency mutants involve designing mutant-specific probes or primers (1, 40) . These methods require knowledge of the specific mutation sought and invariable flanking nucleotides and are limited to the analysis of single nucleotide positions. Recently a multiple-site-specific heteroduplex tracking assay (HTA) based on the universal heteroduplex generator concept (48) was developed and shown to detect HIV-1 protease variants at pretargeted codons (36) .
Denaturing gradient gel electrophoresis (DGGE) was initially described by Myers et al. (28) (29) (30) and was shown to be able to detect most single base pair substitutions. Minute differences in the melting properties and resulting electrophoretic mobilities of DNA fragments differing by a single base pair or by the presence of a single mismatched nucleotide pair could be detected using denaturing gradient polyacrylamide gels. DNA HTAs allow the enumeration of multiple coamplified sequence variants and the rapid determination of their frequency in the viral population (5, 7, 8) . Using a combination of both methods we measured population genetic changes at the protease loci of plasma viruses during the emergence of protease inhibitor resistance.
Requirement for denaturing gradient conditions to resolve intrapatient protease gene DNA heteroduplexes. A minimum of 1 to 2% nucleotide mismatches are required for DNA heteroduplexes to exhibit mobility retardation in nondenaturing polyacrylamide gels (8, 9, 32, 44) . As expected, protease gene DNA heteroduplexes containing only 1 to 3 mismatched nucleotides could not be distinguished from their homoduplexes, while DNA heteroduplexes of protease genes from different HIV-1 group M subtypes (differing by Ͼ5% substitution) could be readily resolved in nondenaturing polyacrylamide gels (data not shown). Heteroduplex mobility or tracking assays of the protease locus in nondenaturing polyacrylamide gels may therefore be used alongside env and gag heteroduplex mobility assays (9, 14, 43) for subtyping different regions of HIV-1 group M viruses but are unsuitable assays for intrapatient protease quasispecies analysis.
DGGE. Different electrophoretic conditions were tested to determine if DGGE could be used to separate the closely related protease variants found within an individual. DNA fragments spanning the 3Ј half of the protease gene (protease amino acids 52 to 99) were PCR amplified from pNL4-3-derived plasmids containing single or multiple mutations at sites associated with resistance to HIV-1 protease inhibitors using primers EDPR5 (AATGATAGGGGGAATTGGAG [HXB2 positions 2386 to 2406]) and EDPR4GC (GCCCGCC GCGCCCCGCGCCCGGCCCGCCGCCCCCGCTGGTACA GTTTCAATAGGACTAATGG [HXB2 positions 2550 to 2577]). Primer EDPR4GC contained a 35-nucleotide 5Ј GC clamp to provide a high melting domain and to prevent total strand separation during the DGGE. DNA homoduplexes and heteroduplexes with 1 to 3 mismatched nucleotides could be electrophoretically resolved (Fig. 1A ) in a 7.5% acrylamide (37.5 acrylamide:1 Bis) 1ϫ TAE denaturing gradient gel (top to bottom, 8% formamide and 8.4% [wt/vol] urea to 28% formamide and 29.4% [wt/vol] urea) held at a constant temperature of 53°C at 250 V for 3 h, 15 min in a D-Gene electrophoretic system (Bio-Rad). In all cases tested, DNA heteroduplexes showed reductions in mobilities relative to those of homoduplexes (Fig. 1A) . DNA heteroduplexes containing an identical number of mismatched nucleotides at different locations on the PCR fragment exhibited distinct mobilities due to their different melting characteristics. As for heterodu- plex mobility assays in nondenaturing conditions, there was a general correlation between the number of mismatched nucleotides and the degree of mobility retardation (8, 9, 14, 32, 44) . DG-HTA. We next analyzed the reverse transcription-nested PCR (RT-nPCR) products derived from complex quasispecies in clinical samples. Viral RNA was purified from plasma and reverse transcribed as described previously (5) . PCR primers used for the first round of nPCR protease gel amplification were EDPR1 (GAGCAGACCAGAGCCAACAGCCCCA [HXB2 positions 2139 to 2163]) and EDPR2 (TTGTTTAACTTTTGGGC CATCC [HXB2 positions 2597 to 2618]). Second-round primers were EDPR5 and EDPR4GC. Direct analysis of the RTnPCR products from clinical samples by DGGE followed by ethidium bromide staining yielded DNA smears with only faintly discernible bands (data not shown). When multiple sequence variants (number of variants ϭ x) are coamplified and their complementary strands are randomly reannealed, the number of different DNA heteroduplexes formed is equal to x 2 Ϫ x. In order to reduce the number of detected DNA heteroduplexes to equal the actual number of sequence variants, we combined DGGE with HTA (DG-HTA). During HTA a single-stranded, clonal, radiolabeled probe is reannealed with an excess of unlabeled PCR product amplified from the viral population under study. The labeled HTA probe therefore hybridizes with each of the different variants in the target population forming labeled DNA heteroduplexes. Following electrophoresis only the labeled heteroduplexes, equivalent in number to the number of coamplified sequence variants, are detected by autoradiography or the use of a phosphorimager (4, 5, 7) . Because different DNA heteroduplexes may comigrate, this method provides a minimum estimate of the number of variants in the quasispecies. Each labeled HTA band therefore reflects the presence of at least one distinct protease variant, and the intensity of the radiolabeled heteroduplex band provides an estimate of the frequency of that variant within the population (4, 51). In Fig. 1B , RT-nPCR products derived from the cryopreserved plasma samples of three untreated HIV-1-infected subjects were analyzed by DG-HTA. Clonal probes for the DG-HTA were derived from each patient by serially diluting the viral cDNA (5ϫ dilutions) from their latest plasma sample prior to nPCR in order to derive a PCR product from a single cDNA molecule (i.e., an end-point nPCR) (6, 42) . The clonal nature of the end-point nPCR product was confirmed by DGGE of the nPCR products followed by ethidium bromide staining, as done in Fig. 1A , to confirm the presence of only a single DNA homoduplex band (data not shown). The second-round PCR was then repeated using a 5Ј biotin-tagged EDPR5 primer and a 5Ј 32 P-labeled EDPR4GC in order to purify single-stranded, clonal, and labeled HTA probes as previously described (4, 5, 7) . The HTA probes from each of the three untreated subjects were then reannealed with a 50-to 100-fold excess of unlabeled nPCR products amplified from the undiluted cDNA, and the resulting radiolabeled DNA heteroduplexes were resolved by DG-HTA. The gels were dried and the radioactive signal was detected with a PhosphorImager (Molecular Dynamics) (Fig. 1B) . Distinct radiolabeled DG-HTA bands could now be seen in all samples tested (Fig. 1B) . The stability of the DG-HTA patterns in these untreated subjects over the course of 7 to 14 days indicated that no quasispecies changes took place at the pro locus over these short time intervals.
Documenting sufficient population sampling. Insufficient quasispecies samplings were initially seen when duplicate nPCRs (each initiated with different aliquots of undiluted cDNA) resulted in different DG-HTA patterns (data not shown). Insufficient sampling was expected to occur if the number of protease cDNA molecules amplified by nPCR was so low as to result in the stochastic amplification of only a few of the quasispecies' variants. Since an apparent reduction in quasispecies diversity or quasispecies changes could therefore be the artifactual consequence of amplifying a nonrepresentative sampling of a viral population, care was taken to document sufficient sampling throughout this study. Sufficient sampling was achieved following the optimization of the RNA extraction and RT and nPCR procedures and was documented by the generation of identical DG-HTA patterns in independently generated duplicate nPCRs analyzed in parallel (Fig. 1B, 2 , and 3). Because the relative intensity of each distinct DG-HTA band (i.e., the relative frequency of distinct sequence variants) was demonstrably reproducible, correct population sampling of these quasispecies was ensured.
The ability of this method to detect low-frequency variants was determined by scanning the radioactive signal distribution along DG-HTA lanes using the Molecular Dynamics Imagequant 1.2 program to measure the area under the curve of each distinct DG-HTA band. DG-HTA bands consisting of as little as 2% of the total signal of all distinguishable bands could be reproducibly generated in independent duplicate nPCRs (Fig.  1B, 2, and 3 ). Since PCR amplifies variant templates in direct proportion to their fractional representation (38) , DG-HTA could detect variants found at frequencies of Ն2% in the quasispecies, a degree of sensitivity consistent with previous reconstitution experiments using single-stranded HTA probes (4, 51) .
Protease quasispecies in the absence of antiviral drug selection. Two patients enrolled in an early study of the protease inhibitor ritonavir were selected because of their rapid viral load rebound to pretreatment levels following initially successful ritonavir treatment. CD4 counts for P404 and P105 have been described previously (5) . The ritonavir drug regimen was 600 mg twice a day and was continued uninterrupted throughout the time of study. Adherence was monitored by interrogation and counting remaining pills at each visit. Eleven and fourteen plasma samples were longitudinally collected over periods of 70 to 189 days, including 3 to 4 samples collected prior to the initiation of ritonavir treatment. Again, each time point was analyzed in duplicate nPCRs to ensure proper sampling (a single instance of insufficient sampling was seen in one of the two duplicate nPCRs of P105 at day 14 [see Fig. 3 , DG-HTA]). The clonal DG-HTA probes were derived from the last time point by end-point dilution. Six to seven protease variants in the form of distinct DG-HTA bands ranging in frequency from 2 to 40% could be detected in both subjects prior to therapy (Fig. 2 and 3 , DG-HTA and % variants). As for the untreated subjects shown in Fig. 1B , the quasispecies composition (i.e., the relative frequency of distinct variants) remained largely stable during a sampling periods of 14 to 18 days prior to therapy. Change was observed for only one P404 variant, whose frequency fell from 40 to 20% during the pretherapy period (Fig. 3 , DG-HTA and % variants).
Effect of protease inhibitor resistance selection on genetic diversity. After initiation of ritonavir monotherapy, plasma viral loads fell more than 100-fold. During this 2-to 3-weeklong decrease in viral load the plasma viral quasispecies composition remained largely stable, with all variants maintaining the same relative frequency. Only one protease variant transiently increased in relative frequency at day 6 of therapy in P105. For both patients large changes in quasispecies composition then became noticeable during the earliest sign of plasma viral load rebound (day 28 for P404 and day 21 for . A large reduction in the number of variants was observed in P404 with only two, then one, major variant being detected at days 42 and 56, when the viral load had rebounded 1 to 1.5 logs over the nadir value. Over the next 3 months of continued monotherapy, the P404 quasispecies diversity gradually increased with the detection of multiple distinct protease variants (Fig. 2 , DG-HTA and % variants). During that later phase of virus rebound the composition of the quasispecies (i.e., the DG-HTA pattern) continued to change and had not genetically stabilized by day 171. In the case of P105, a reduction in quasispecies diversity was seen in the form of a new variant increasing in frequency to 70% of the total DG-HTA signal at day 28 during the early stage of plasma viremia rebound (Fig. 3 , DG-HTA and % variants). During that time distinct minor variants were still detectable in the plasma virus population. P105 quasispecies complexity then increased with the appearance of new variants with more equally distributed frequencies. The similar DG-HTA patterns on days 42 and 56 indicated that evolutionary stasis had largely been reached by day 2.
The reduction and rapid rebound in quasispecies complexity in both patients was also quantified by measuring the Shannon entropy of their DG-HTA gels. Shannon entropy is a measure of signal distribution or spread in each gel lane and is used to derive a quantitative measure of genetic diversity (7, 10, 11, 33, 35) . Signal distributions were measured using the Molecular Dynamics Imagequant program, and the signal background was set as the average intensity of the top 10 pixels in each lane. Shannon entropy was determined using the HDent program with the bin number set at 50 (the HDent program tool is available at the Los Alamos HIV sequence database web site, http://hiv-web.lanl.gov) (7). As could be seen from the DG-HTA gels and the percent frequency of distinct variants ( Fig. 2 and 3) , sharp reductions in signal entropy was also measured during early viral load rebounds which were rapidly followed by increases in entropy in both patients ( Fig. 2 and 3,  entropy) .
Direct population DNA sequencing. P404 nPCR products from before therapy (day Ϫ14), during the apparent genetic bottleneck (day 6), and after the return of a diverse pro quasispecies (day 71) were analyzed by big dye dideoxy terminator population sequencing (data not shown). The second-round PCR was repeated using EDPR3 (GAAGCAGGAGCCGA TAGACAAGG [HXB2 positions 2210 to 2233]) and EDPR4 (CTGGTACAGTTTCAATAGGACTAATGG [HXB2 positions 2550 to 2577]). The PCR was purified using Qiagen PCR purification columns and was sequenced from the EDPR3 primer in a 3700 ABI automated capillary sequencer. Polymorphic bases were scored when the automated sequencer electrophoregram showed a second base peak with a height 20% or greater than that of the major peak. Approximately one third of the nucleotide positions in the protease gene of the day Ϫ14 quasispecies appeared polymorphic, including seven N base calls by the more stringent ABI base-calling algorithm. L63P, a common accessory drug resistance polymorphism, was present in the plasma quasispecies before and throughout therapy. Notable nucleotide changes between days Ϫ14 and 6 (when the population became homogeneous by DG-HTA) included every polymorphic base becoming homogeneous (according to the 20% peak height criterion) and four nucleotide base changes (including two nonsynonomous changes, I62V and V82F). V82F has been associated with ritonavir resistance (41) . At day 71, seven bases were scored as N by the ABI algorithm (two being at identical positions as on day Ϫ14), and codon 82 was a mixture of GTC (wild-type Val) and GCC (drug-resistant Ala). Again, approximately a third of the protease nucleotide positions were polymorphic (according to the 20% peak height criterion). Direct population sequencing of nPCR products therefore corroborated the conclusion from DG-HTA that a highly diverse quasispecies in P404 underwent a severe reduction in genetic diversity associated with selection for ritonavir resistance which was rapidly followed by a return to pretreatment levels of protease genetic diversity.
Population genetic changes. The population bottlenecks reported here were only transient, coinciding with the early phase of plasma viral load rebounds but occurring later than the nadir of plasma viremia. Reproducible population sampling ensured that these observations reflected genuine population genetic changes and were not the results of insufficient variant sampling (4, 5, 22) . After several months of continued treatment a rapid return to pretreatment levels of protease gene diversity took place. A recent subcloning and sequencing study of indinavir resistance selection has also reported a reduction in protease gene diversity between the pretreatment and week 12 posttreatment quasispecies (16) .
Prior studies have documented the appearance during the course of protease inhibitor monotherapies of viruses with progressively larger numbers of protease mutations relative to the baseline and increasingly drug-resistant phenotypes (24, 26) . Mutations at V82 initially appeared which conferred minimal levels of in vitro drug resistance (24, 26) . V82AF variants were later found in combination with other mutations that further increased levels of drug resistance. The transient population bottlenecks at the protease locus seen early in the viremia rebound of P404 were associated with the initial selection of the V82F variant. The association of the V82F mutation with an I62V change (which has not been reported in association with drug resistance in the Stanford HIV RT and protease sequence database [41] ) may have been due to their fortuitous linkage on a selected V82F genome or may reflect an advantageous compensatory mutation specific to this particular genetic background. The reductions in population diversity of P404 and P105 are in accord with both stochastic (20, 21, 34) and selection-drift (37) models of HIV evolution whereby the pretreatment effective population size is low enough that selection of mutants theoretically expected at steady-state frequencies of 1/100 to 1/1,000 (3, 19, 31) would have the strong effect seen here on the genetic diversity of the quasispecies.
The rapid return of high levels of protease gene diversity has several possible explanations. The bottleneck variant seen in P404 may have evolved by continued cycles of replication, mutation, and selection into the multiple variants observed only weeks later. It may also be that later-emerging variants descended from pretreatment variants present at initially lower frequencies than the bottleneck variant. The surprising speed with which high levels of diversity returned and the partial reversion of the 62 and 82 codons provide some support for the later explanation. The bottleneck GTA (62V) codon partially changed back to the pretreatment codon (at day 71 codon 62 was a 50% mixture of the original ATA Ile and GTA Val). The bottleneck TTC (82F) codon also appeared to partially change back to the pretreatment codon (at day 71 codon 82 was a 50% mixture of the original GTC Val and GCC Ala). The mutational pathway for the later GCC 82A is shorter from the pretreatment GTC 82V than the bottleneck TTC 82F, indicating that the later variant is more likely to be derived from the earlier population than from the bottleneck variant. Furthermore, many of the numerous polymorphic nucleotides seen before treatment were seen again at the later time point (data not shown). Later-emerging variants therefore appeared to descend at least in part from the pretreatment population rather than evolve strictly from the bottleneck variant. Both scenarios may also be occurring simultaneously alongside recombination to rapidly increase plasma protease quasispecies diversity.
Discordant population genetic changes at different loci. Using the same plasma samples, the evolution of HIV-1 was previously analyzed at the envelope locus, allowing a comparison of the viral population changes occurring at both loci (5) . Similar to what happened at the protease gene during early viral load rebound, the P105 plasma quasispecies also underwent a transient reduction in envelope diversity. Contrary to changes seen at the pro locus, the P404 diversity at the env locus actually increased from a single to three major variants during the early rebound in viremia (at days 42 and 56) before rapidly returning to the single pretreatment variant (5) . Comparison of the evolutionary changes seen at the pro and env loci therefore indicate that opposite population genetic changes took place in different regions of the HIV-1 genome. Linkage of the bottleneck protease variant to envelope sequences previously rare in the plasma population could reflect its origin from partially drug-privileged anatomical sites where HIV-1 envelope sequences may differ from those in the plasma (5). The well-documented compartmentalization of distinct env variants in different anatomical sites makes this scenario possible (6, 15, 17, 18, 47) . The later reemergence of the pretreatment envelope variant while the quasispecies rapidly diversified at the pro locus could reflect selective pressure to restore the initial and presumably optimal env variant in the plasma quasispecies after drug resistance at the pro locus is fully established.
Overlapping immunological and pharmacological selective pressures changing in both time and space, compartmentalization of distinct variants, and potential recombination between loci make simple interpretations of the complex population genetic changes observed at both loci speculative, especially when based on analyses restricted to plasma populations. The severe but only transient reduction in pro quasispecies diversity does indicate that no long-term advantage in terms of lowered diversity at the selected locus was gained following the rapid loss of drug efficacy. This study also indicates that in a genome as recombination prone as that of HIV-1 (27) , population genetic changes measured at one locus within a subject reflect the population history of that locus only and not necessarily that of the entire genome.
One of the limitations of present drug resistance assays is their inability to analyze minor variants (12) . HIV-1 drug resistance genotyping methods directly sequence PCR products (population sequencing) or plasmid subclones, therefore deriving only the viral consensus sequence or that of its major variants. Population and oligonucleotide chip sequencing can detect, at best, variants present at Ͼ10% frequencies (13, 39, 45) . Future adaptation of DG-HTA for the isolation of minor sequence variants followed by their direct sequencing may improve the detection of drug-resistant variants present at low frequencies.
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